To begin embryonic development, the zygote must resume the cell cycle correctly after stimulation by sperm-borne oocyteactivating factors (SOAFs). The postacrosomal WW domainbinding protein (PAWP) is one of the strongest SOAF candidates and is widely conserved among eutherian mammals. It has been reported that the microinjection of recombinant PAWP protein can trigger not only Ca 2+ oscillations in mammalian eggs but also intracellular Ca 2+ release in amphibian eggs. It was also suggested that PAWP is involved in the formation of highquality spermatozoa. On the other hand, negligible SOAF activity for PAWP cRNA has also been reported. In this study, we generated PAWP null mice and examined the fertilizing ability of male mice. Electron microscopy showed no aberrant morphology in spermatogenesis. Intracytoplasmic injection of a single spermatozoon from the null mouse line showed that depletion of PAWP elicited no quantitative differences in Ca 2+ oscillations or in subsequent development of the embryos. We conclude that PAWP does not play an essential role in mouse fertilization.
INTRODUCTION
In most mammalian species, including the human and mouse, once the oocytes have matured and have been released from the ovary, they are referred to as eggs. After ovulation, the eggs undergo cell cycle arrest, remaining at the metaphase stage of the second meiotic division, and the resumption of the cell cycle is triggered by sperm factor(s). After sperm-egg fusion, the oscillation of intracellular Ca 2þ is known to play a pivotal role in the initiation of the cell cycle, which is accompanied by extrusion of the second polar body and the formation of male and female pronuclei (PN) [1, 2] . During these processes (known collectively as egg activation), exocytosis of cortical granules, subsequent zona pellucida hardening, and plasma membrane reorganization to protect the egg from excess spermatozoa entering (polyspermy) also occur [3, 4] .
The molecular mechanisms underlying egg activation have been investigated rigorously. A prolonged series of cytoplasmic Ca 2þ oscillations can be induced by injection of inositol 1,4,5-trisphosphate (IP 3 ) into the cytosol of the egg. Ca 2þ is then released from intracellular Ca 2þ stores through IP 3 receptor-mediated channels in the membrane. This stimulates factors promoting the cell cycle via calmodulin-dependent protein kinase II [3] [4] [5] [6] [7] .
The existence of sperm-borne oocyte-activating factors (SOAFs) in the soluble extract of the spermatozoon was proven by microinjection of these extracts into the cytosol of the egg [8] . The reproducibility of Ca 2þ oscillations caused by increased IP 3 levels suggests that SOAFs are involved in IP 3 metabolism [9] . Although several candidates for SOAF have been proposed, based on molecular characterization there are two feasible candidates remaining: phospholipase C zeta 1 (PLCZ1) and postacrosomal WW domain-binding protein (PAWP) [10] . Saunders et al. [11] reported PLCZ1 to be a convincing candidate for a SOAF; its cRNA in an amount similar to that of a single spermatozoon can trigger egg activation, and pretreatment of the soluble fraction of spermatozoa with an anti-PLCZ1 antibody suppressed Ca 2þ oscillations after egg injection [11] . Recent reports support these data by indicating a relationship between human male infertility and altered genetic sequences of PLCZ1 [12] . Wu et al. [13] reported that bull PAWP, coded by Wbp2nl (WW domain-binding protein 2 N-terminal like), could induce meiotic resumption and PN formation in amphibian, swine, and monkey eggs by microinjection of recombinant PAWP, and that its antibodies or peptides competing with its PPXY motif blocked this activation [13] . Moreover, Aarabi et al. [14, 15] reported that the injection of recombinant protein or cRNA for PAWP elicited Ca 2þ oscillations or cytosolic Ca 2þ increases in human, mouse, and frog eggs, and the level of PAWP in spermatozoa is positively associated with fertilization outcomes in human patients or with success in the artificial insemination of livestock [16, 17] . Conversely, SOAF activity of PAWP in mammalian eggs has been examined and-unlike PLCZ1-cRNA or recombinant proteins for both tagged and untagged PAWP failed to trigger Ca 2þ increases in mouse eggs [18] . In the present report, we generated PAWP knockout mice and performed phenotypic analysis of their fertility to determine whether PAWP is indeed a prerequisite for male fertility and spermatogenesis.
MATERIALS AND METHODS
All of the animal experiments were performed with the approval of the Animal Care and Use Committee of Osaka University.
Generation of PAWP-Deficient Mice
The targeting vector, a knockout-first allele system [19] for the PAWP gene, was obtained from the International Knockout Mouse Consortium (now integrated into the International Mouse Phenotyping Consortium: https://www. mousephenotype.org/). Chimeric mice were generated using EGR-G101 embryonic stem (ES) cells, and spermatozoa positive for enhanced green fluorescent protein (EGFP) from infertile chimeric mice were used for intracytoplasmic sperm injection (ICSI) [20, 21] to obtain F(1) mice on the C57BL/6N background. Spermatozoa from the F(1) male mice were then used for in vitro fertilization (IVF) with (C57BL/6N 3 DBA/2) F(1) (also known as B6D2F1) eggs, and the zygotes were subjected to microinjection of mRNA for Cre recombinase (0.2 ng/ll) to remove the LoxP-flanked region. PAWP null mice were deposited in the Riken BioResource Center with the stock number; RBRC09500 B6D2-Wbp2nl,tm1b(EUCOMM)Osb..
In Vitro Fertilization
Spermatozoa were collected from the epididymides of sexually mature male mice of each genotype, and IVF with intact cumulus cells was performed as described previously [22] .
Reverse Transcription-Polymerase Chain Reaction
For multitissue RT-PCR, testes and epididymal tissues were recovered from mature (ages 8-12 wk) male ICR mice, and other tissues were recovered from female ICR mice. For RT-PCR studies of reproductive maturation, testes from 1-to 5-wk-old ICR male mice were collected. For confirmation of gene deletion, testes were collected from PAWP wild-type, heterozygous, and knockout male mice (age 12 wk). Tissues were dissolved in TRIzol (Ambion, Foster City, CA) solution and RNAs were extracted using a guanidine isothiocyanate-phenol-chloroform method. Complementary DNA sequences were synthesized using the SuperScript III First-Strand Synthesis System (Invitrogen, Carlsbad, CA). Polymerase chain reaction was performed using 10 ng of cDNA as a template for each reaction. The primers used in RT-PCR were: 5 0 -TTCTACAATGAGCTGCGTGTGGCCCC-3 0 and 5 0 -GTGGTACGACCA GAGGCATACAGGGAC-3 0 for b-actin; and 5 0 -GCAAGATGGCAGTGAAC CAG-3 0 and 5 0 -GCTGCCTGAATTGTCCCTTT-3 0 for PAWP.
Immunoblotting
Immunoblot analysis was performed as described previously [23] . Samples were subjected to SDS-PAGE under reducing conditions followed by Western blotting. Anti-human PAWP (full length) and anti-BASIGIN polyclonal antibodies were purchased from Sigma-Aldrich (SAB1408404; St. Louis, MO) and Santa Cruz Biotechnology (sc-9757; Dallas, TX), respectively. The monoclonal antibody against IZUMO1 (KS64-125) was obtained as described previously [24] .
Fertility Testing of PAWP -/-Mice
Sexually mature male mice of wild-type, PAWP þ/-, and PAWP -/-genotypes were caged with B6D2F1 female mice (age .2 mo). Copulation was confirmed by checking for vaginal plugs every morning; female mice with plugs were separated to count litter sizes later, and new female mice were then caged with the male mice.
Ca 2þ Imaging
B6D2F1 (BDF1) female mice were induced to superovulate by consecutive injections of 5 IU of equine chorionic gonadotropin (eCG) and 5 IU of human chorionic gonadotropin (hCG) 48 h apart. Thirteen hours after hCG injection, mature eggs were recovered and subjected to microinjection with mixed mRNAs for R-GECO1 (40 ng/ll) [25] and EGFP (20 ng/ll) as described previously [26] using Hepes-CZB medium [21] , followed by incubation in fresh kSOM medium at 378C under 5% CO 2 in humidified air for 3 h. The ICSI was performed as described previously [20] within 20 min. The eggs were incubated for 10 min to allow membrane sealing, followed by quick transfer into glass-bottomed chambers for observation using spinning-disk confocal microscopy [27] .
Time-Lapse Imaging of Fertilized Eggs
For IVF, eggs were inseminated for 20 min using each sperm genotype. Eggs were quickly treated with hyaluronidase (175 U/ml; 37326-33-3; SigmaAldrich) for 5 min, washed for 2-3 min, and transferred into a fresh kSOM droplet at 378C under 5% CO 2 in humidified air in an incubation chamber. Overnight acquisition of continuous differential interference contrast images at 5-min intervals was started 30 min after beginning insemination.
Statistical Analysis
All values are shown as the mean 6 SD. Statistical analyses were performed using Student t-tests to compare mean values.
RESULTS

Specificity of PAWP Gene Expression
The specificity of expression of the PAWP gene among mouse organs was examined by RT-PCR. PAWP mRNA was detected in a testis-specific manner, and no expression was detected in other male reproductive tissues, including the caput, corpus, and cauda epididymidis (Fig. 1A) . When we performed RT-PCR with testes from 1-to 5-wk-old mice, the PAWP gene exhibited increasing expression at 3-4 wk of age, which corresponds in timing to the commencement of spermiogenesis (Fig. 1B) .
Generation of PAWP -/-Mice
The physiological significance of the PAWP protein was assessed by generating PAWP gene knockout mice. A targeting vector substituting exons 2 to 4 with a neomycin-resistant gene cassette and b-galactosidase gene floxed by FRT and LoxP cassettes (Fig. 1C) was used for recombination in ES cells carrying the Acro-EGFP/cytosolic EGFP transgenes [20] . Recombination of the genomic sequence in ES cells and the germ-line transmission were confirmed by PCR analysis with specific primers (Fig. 1, C and D) and sequencing analysis. After Cre recombinase-mediated excision, the resultant depletions of PAWP mRNA and its protein in testes were examined by RT-PCR and Western blot analysis, respectively (Fig. 1, E and F). The predicted transcript from exons 1, 5, and 6 encodes an amino acid chain consisting of 147 residues, with only the first 20 residues at the N-terminus being identical to PAWP. The PAWP mRNA and its protein were eliminated in the testis of the homozygous knockout, whereas heterozygous knockout mice showed expression equivalent to that of the wild type. The mating of heterozygous male and female mice yielded offspring with the expected Mendelian ratios: 20 wild-type ( þ/þ ), 36 heterozygous ( þ/-), and 19 homozygous ( -/-) genotypes, respectively.
Morphology of Spermatozoa from PAWP
-/-Mice and Ability to Undergo the Acrosome Reaction As expected from expression profiles, no developmental abnormalities were observed in PAWP -/-mice. Sexually mature PAWP -/-male mice (ages 8-12 wk) were equivalent in testicular size ( Fig. 2A) and apparent storage of epididymal spermatozoa to their wild-type siblings ( þ/þ , 2.89 6 0.28 3 10 6 ; -/-, 3.20 6 0.59 3 10 6 spermatozoa collected from a single epididymis). Spermatozoa were then collected from the cauda epididymidis, and their morphology was examined under optical or fluorescent microscopes. The Acro-EGFP transgene in EGR-G101 ES cells enabled us not only to confirm acrosomal formation, but also to check the incidence of acrosome reactions by the loss of green fluorescence [28] . There were no gross abnormalities in sperm morphology or in the emergence of Acro-EGFP-negative spermatozoa after incubation (Fig. 2B) . IZUMO1 diffusion from viable spermatozoa was measured to examine the occurrence of spontaneous acrosome reactions, and no significant difference was observed between spermatozoa from wild-type and PAWP -/-mice, indicating that the deletion of PAWP had no impact on the ability to undergo spontaneous acrosome reactions (Supplemental Fig. S1 ; Supplemental Data are available online at www.biolreprod.org).
We further observed the ultrastructure of the spermatozoa, especially the cytosolic portion of the developing sperm head in the testes of PAWP -/-male mice, to clarify the involvement SATOUH ET AL.
of PAWP in spermatogenesis. No defects in the ultrastructure of the elongating manchette (Fig. 2C , two left images) or the postacrosomal sheath region of mature spermatozoa (Fig. 2C , right) were observed.
Fertility of Male PAWP -/-Mice
Mature wild-type, PAWP þ/-, and PAWP -/-male mice were mated separately with wild-type (BDF1) female mice for ;6 wk to examine male fertility. PAWP -/-male mice produced litter sizes similar to those of controls ( þ/þ , 8.1 6 0.7; þ/-, 7.9 6 0.7; -/-, 8.2 6 0.5; Fig. 3A) . Then, IVF experiments were carried out, and spermatozoa form PAWP -/-male showed no significant difference in the percentage of two-cell embryos from that of controls (Fig. 3B) . The occurrence of polyspermy shown by three pronuclei (3PN) after IVF (using 1.0 3 10 5 spermatozoa per milliliter) was not significantly increased in 
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PAWP
-/-males (3PN eggs:
þ/-, 9.6%; -/-, 6.2% of all fertilized eggs). Female PAWP -/-mice could also produce normal litter sizes (data not shown).
Quantitative Analyses of Egg Activation by Spermatozoa from PAWP -/-mice
We further analyzed the dynamics of the eggs activated by spermatozoa from PAWP -/-mice to evaluate the precise effect of the deletion of PAWP. First, the Ca 2þ oscillations of the eggs activated by cytoplasmic injection of a single sperm head from wild-type or PAWP -/-male mice were recorded (Fig.  4A) . This showed that spermatozoa from PAWP -/-mice possessed a similar ability to induce egg Ca 2þ oscillations. There were no significant differences in the frequency or the number of Ca 2þ spikes ( 
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in both the time to finish PN formation (;300 min after insemination) and time to finish the fusion between the two PN (;780 min after insemination: Fig. 4B and Supplemental Movie S1).
DISCUSSION
Here, we report a functional analysis of PAWP gene deletion in the mouse. It has been reported that PAWP changes its localization during spermatogenesis [29] . Before flagellar elongation, PAWP is localized in the excess spermatid cytoplasm. It then migrates along with the manchette microtubules, which squeeze out the residual cytoplasm, just prior to descent of the cytoplasmic droplet. This localization is determined independently of acrosome formation. However, a correlation between abnormal sperm head morphology and the integrity of spermatozoa with low PAWP content has been reported in both humans and livestock [16, 17] . Thus, the functional involvement of PAWP in spermatogenesis is still not established completely. In this study, the integrity of Acro-EGFP labeling was shown by its independence from manchette formation; however, no delays or defects were observed in the onset of manchette formation or its transition to a posterior region in stage 8-10 spermatids, and no ultrastructural defect was observed in the postacrosomal sheath of elongated spermatids (Fig. 2) . These results indicate that PAWP does not play an essential role in spermatogenesis or sperm head formation, at least in the mouse. Considering that PAWP is assembled at later stages of spermiogenesis in the bovine and human testes [16, 29] , the correlation between PAWP contents and fertility can be explained as resulting from abnormal spermatogenesis caused by other factor(s).
We then examined the fertilizing ability of PAWP -/-male mice through litter size and IVF success rates (Fig. 3) . If fertilization takes place in the absence of egg activation, increased polyspermy is expected [2] . However, this was not observed in this analysis. The precise function of PAWP in egg activation was assayed in detail by time-lapse imaging of Ca 2þ oscillations and observation of the speed of development of embryos, and there were no significant differences between PAWP -/-male mice and the controls (Fig. 4) . There has been recent controversy about the role of PAWP in egg activation (see Supplemental Table S1 for summary). Aarabi et al. [15] reported that the injection of recombinant human PAWP or cRNA could provoke egg activation in mouse and human eggs [15] . However, Nomikos et al. [18, 30] could not confirm these activities under the same conditions. Those studies were mostly based on microinjection experiments; however, this study is the first reverse-genetic approach to examine the role of PAWP in egg activation. Nevertheless, functional compensation by other factor(s) such as PLCZ1 should be considered before excluding PAWP's potential contribution. However, the results here show clearly that mouse PAWP does not play an essential role in Ca 2þ oscillations or in subsequent egg activation. PAWP is also known as a paralogue of the gene Wbp2, and they both carry PPXY motifs that are suggested to be involved in SOAF activity [13] . Because the expression of Wbp2 in the mammalian testis has been reported [31] , we carried out a phylogenetic analysis of known vertebrate PAWP/Wbp2 proteins. This showed that Wbp2 proteins are conserved among species, but mouse and rat PAWPs contain six PPXY motifs, whereas Wbp2 paralogues carry fewer of these motifs (Supplemental Fig. S2 ). Compared with the direct involvement of PLCZ1 in IP 3 metabolism, the mechanism by which PAWP/ Wbp2 and its PPXY domain function in egg activation is still unclear. Therefore, functional compensation by Wbp2 in PAWP null mice might be worth testing. Genome editing technologies, such as the CRISPR/Cas9 system, are making remarkable progress [32, 33] , enabling us to analyze the effect of multiple gene deletions not just in mice but in other species. Therefore, contentious issues including the functional differences and significance of PAWP versus Wbp2 could be solved by these new genetic approaches.
